Efforts to reduce the world's dependence on fossil fuels have led to the rapid growth of technologies for renewable electricity, particularly solar photovoltaics and wind turbines. Due to the intermittent and localized nature of wind and solar energy, it is necessary to develop a cost-effective means to store renewable electricity in order to balance energy supply and demand as well as to facilitate the transport of stored electricity from remote sites to buildings and vehicles. [1] [2] [3] The simplest, near-term energy storage solution is the electricity grid itself, which can support intermittent renewable electricity in a stable fashion up to approximately 20% of the grid capacity. [ 4, 5 ] However, fossil resources would generally still account for the remaining 80% of the grid electricity. In order to break through this barrier and establish a path toward fossil-free energy, the development of cost-effective, grid-scale energy storage systems is needed. In this report, we demonstrate a device that may facilitate such a path forward: a low-temperature unitized regenerative fuel cell (URFC) that is completely free of precious metals.
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Most storage technologies can be broadly classifi ed into three categories, namely thermal (e.g., ice storage and molten salt), mechanical (e.g., compressed-air energy storage, pumped hydro, and high-speed fl ywheels), and electrochemical (e.g., rechargeable batteries, supercapacitors, and regenerative fuel cells). [6] [7] [8] The extent to which any of these technologies is adopted will be determined primarily by their cost-effectiveness. Even though pumped hydro currently dominates utility-scale energy storage, further expansion is limited by the number of suitable geographical sites. [ 9 ] Hence, there have been extensive efforts to develop alternative energy storage technologies that can be deployed more broadly. Regenerative fuel cells (RFCs) are particularly interesting candidates: a RFC is an electrochemical energy storage and conversion device that typically uses H 2 as a fl exible energy carrier. An electrolyzer stack and a fuel cell stack constitute most RFC designs, oftentimes as separate devices. A URFC is a more compact version of a RFC where both stacks are combined into a single unit, providing cost advantages. [ 2 ] As shown in Figure 1 , URFCs that employ H 2 as the energy carrier can store intermittent, renewable electricity by using that energy to split water into H 2 and O 2 in "electrolysis mode". The H 2 produced during electrolysis is then stored on-site to be consumed in "fuel cell mode" at a later time, generating electricity when needed. The inherently high energy density of chemical fuels such as H 2 results in high specifi c energies for URFCs. Their modular nature allows for appropriate sizing to a wide array of applications, including land vehicles, aircraft, and spacecraft, which require signifi cant energy storage in confi ned spaces, as well as for distributed power in the case of residential and commercial buildings. [ 10 ] URFCs have also been investigated for centralized grid energy storage because of their economies-of-scale advantages. [ 6, 11 ] URFCs based on H 2 -O 2 -H 2 O chemistries are also particularly attractive as all three species are environmentally friendly and inexpensive; water is the primary input. As such, URFCs constitute a promising technology for large-scale energy storage.
Although there are many technological advantages in employing URFCs for energy storage, they are currently too expensive to compete with existing technologies such as pumped hydroelectric and compressed air. For example, there is a substantial gap between the 2020 U.S. Department of Energy's capital cost target for grid-level deployment of RFCs ($1500 kW −1 ) and their current cost, around $4000 kW −1 . [ 6 ] A major reason for the high cost of existing URFCs is their use of platinum group metal catalysts, since they are the only catalysts that display high activity and stability in the acidic environment generated by the proton exchange membranes (PEMs) commonly employed. There are also questions as to the whether or not energy technologies that utilize platinum group metals can scale to the terawatt level in a reasonable time frame, given the low annual production rate of precious metals, not to mention the potential impact to their prices if demand were to rapidly increase. [ 12 ] In this work, we aim to avoid these problems by replacing PEMs with alkaline anion exchange membranes (AEMs) and by concurrently developing active non-precious metal catalysts that can integrate with the AEM and function effectively as a complete system; the alkaline environment opens up the possibility of using non-precious catalysts to substantially drive down material costs. [ 13 ] The operation of an AEM-URFC, as shown in Figure 1 , is similar to that of a PEM-URFC, except that hydroxide ions are produced and consumed rather than protons. Such alkaline membranes open up the possibility of non-precious metal catalysts. To the best of our knowledge, there have been no previous reports or demonstrations of a low-temperature URFC that completely avoids precious metal catalysts. The closest literature in this area describes either an AEM fuel cell or an AEM electrolyzer, or an AEM-URFC that employs both precious metal and non-precious metal catalysts. [13] [14] [15] [16] Reports of URFCs based entirely on non-precious metals have so far been limited to devices based on solid oxide electrolytes, which only operate at high temperatures (typically ca. 850 °C) and are thus better suited to steady-state operation as opposed to following the temporal variations inherent to intermittent renewable COMMUNICATION wileyonlinelibrary.com www.MaterialsViews.com www.advenergymat.de energy sources, which could cause problems of a mechanical and chemical nature. [ 17 ] More broadly, other URFCs or redox fl ow batteries based on different chemistries generally require the use of precious metal catalysts and/or chemicals that can be toxic, corrosive, or expensive (e.g., halogens, vanadium, non-aqueous electrolytes, etc.). [ 5, 11, [18] [19] [20] Herein we report on a prototype URFC that stores renewable energy based on electrochemical interconversions among H 2 O, H 2 , and O 2 , with the key development of having done so in a device operating at low temperatures while avoiding the use of precious metal catalysts.
The URFC drives four different reactions in total, namely the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) when in electrolyzer mode, and the hydrogen oxidation reaction (HOR) and the oxygen reduction reaction (ORR) during operation in fuel cell mode. Catalysts are critical for ensuring high device effi ciency by minimizing overpotential losses for each reaction. Our fi rst goal in developing a prototype precious-metal-free URFC was to develop effective nonprecious metal catalysts for each of these reactions. As Ni is known to be catalytically active for the HOR and the HER, we developed a bifunctional Ni on carbon black (Ni/C) catalyst for the H 2 electrode (responsible for the HER/HOR) via an adapted impregnation-reduction technique. [ 21, 22 ] For the O 2 electrode (responsible for the OER/ORR), we employed the Ni/C catalyst and also developed a manganese oxide (MnO x ) catalyst supported on glassy carbon particles (MnO x /GC) by means of an impregnation-calcination method. The MnO x catalyst leverages knowledge gained in previous work on an active ORR catalyst based on an electrodeposited thin fi lm of Mn 2 O 3 ; [ 23 ] however, signifi cant developments were needed to produce an active particle-based (rather than thin-fi lm-based) catalyst that could function within the environment of a membrane electrode assembly (MEA)-based fuel cell device. The thin-fi lm Mn 2 O 3 catalyst was produced by electrodepositing MnO x onto a glassy carbon disk substrate followed by a high temperature calcination needed to activate the catalyst. [ 23 ] We found that this route is not directly translatable to standard MEA preparations due to its thin-fi lm nature and the fact that the carbon paper substrate and high-surface-area carbon black degrade signifi cantly during the required calcination step. Therefore, we engineered a new synthetic route via impregnation of Mn ions onto the surface of heat-tolerant GC particles. The use of these novel GC particles as a catalyst support and the adapted impregnation method allowed for the synthesis of a particle-based nanostructured MnO x catalyst with high ORR activity and stability that could then be used in a standard MEA.
Fundamental electrochemical studies of the catalysts were performed in a rotating disk electrode (RDE) confi guration and benchmarked against the best-known precious metal catalysts as shown in Figure 2 . Regarding the O 2 electrode, the MnO x /GC catalyst is highly active for the ORR as shown in Figure 2 c and requires only 100 mV more overpotential than Pt/C to reach 3 mA cm −2 , the half-wave potential for the ORR, defi ned as potential needed to reach half the diffusion-limited current density for a full four electron reduction of O 2 . This is a common fi gure of merit used for ORR catalysts. For the OER, we investigated both Ni/C and MnO x /GC catalysts since Ni is also known to be an effective OER catalyst (Figure 2 d) . The Ni/C catalyst displays excellent performance for OER, comparable to that of Ir/C, reaching 10 mA cm −2 at an overpotential of 0.38 V, which is an improvement of 0.21 V compared to MnO x -GC. Thus to achieve the highest O 2 electrode performance for interconversions between O 2 and H 2 O, we fabricated an O 2 electrode for the AEM-URFC with both the Ni/C catalyst and the MnO x /GC catalyst, allowing for a higher device round-trip (RT) effi ciency than either catalyst could deliver on its own.
Throughout the entire voltage window, the Ni/C catalyst performs well compared to Pt/C, within an order of magnitude of the precious metal and more typically within a factor of 2-3 for potentials relevant to fuel cell anode operation (between 0.0-0.2 V vs. reversible hydrogen electrode (RHE)). We note, however, that the activity of Ni/C starts to decrease upon scanning to higher potentials, reaching a peak current density of 1.1 mA cm −2 at 0.11 V; we attribute the observed decrease in activity at higher potentials to Ni oxidation, a phenomenon discussed in greater detail in the supporting section. [ 24 ] For the HER, the Ni/C catalyst also displays high catalytic activity as seen in the cyclic voltammogram (5 mV s −1 ) in Figure 2 b. The Ni/C catalyst requires only 164 mV overpotential to reach 10 mA cm −2 , just 98 mV beyond that needed for the Pt/C catalyst. Thus, the data in Figure 2 a,b reveal that while the Ni/C catalyst is not quite as active as Pt/C for the HOR and the HER, it is still an excellent catalyst, particularly by non-precious metal standards. After the fuel cell mode studies, the device was investigated as a URFC. We cycled the cell between electrolyzer mode and fuel cell mode for a total of 8 cycles as shown in Figure 3 b, which displays voltage vs. current density. Power densities for the fuel cell mode cycles are shown in Figure 3 c. Polarization curves in electrolyzer mode were obtained by measuring current density while stepping the voltage from 1.1 V to 1.85 V in increments of either 50 mV or 100 mV, followed immediately by testing in fuel cell mode in which the voltage was stepped from OCV to 0.4 V in increments of 50 mV. In order to determine RT effi ciency, we employ standard conventions in the fi eld of RFCs:
This equates to a power effi ciency since the voltage is measured at the same current density for both operating conditions and power = voltage × current.
The catalysts described above were incorporated into the AEM-URFC via a catalyst-coated substrate technique used to synthesize the MEA. [ 25 ] The assembly developed in this study consists of a commercial AEM (Fumapem FAA-3, Fumatech) placed between two catalyst-loaded gas diffusion electrodes, as shown in Figure S1 (Supporting Information). The assembly was then loaded into a fuel cell test station for evaluation purposes. Cell conditioning was initially performed, followed by examination of the AEM-URFC purely in fuel cell mode at 65 °C. Polarization and power density curves were obtained via potential stepping from open circuit voltage (OCV) to 0.4 V, as shown in Figure 3 a. The peak power density obtained on the fi rst run was 16.5 mW cm −2 , a value that was consistently reached (±10%) with further fuel cell cycling indicating stable operation with minimal Ni oxidation occurring at the H 2 electrode. As a fuel cell, the performance of this precious-metal-free AEM-URFC is competitive with state-of-the-art precious-metal-free fuel cells that employ alkaline AEMs. [ 13 ] The AEM-URFC that we developed here, however, is also capable of effi ciently electrolyzing water as reported below, setting it apart from previous work. in mind, we have demonstrated a completely precious-metalfree, low-temperature URFC, offering the possibility for clean, scalable, cost-effective electrochemical energy storage capable of achieving high energy densities while employing only environmentally friendly, inexpensive compounds. Having demonstrated this proof-of-concept, future work is aimed at improving RT effi ciencies and device durability to realize this important goal at the global-scale.
Experimental Section
Catalyst Synthesis : MnO x /GC particles were prepared via an impregnation-calcination technique by adding GC particles (400 mg, Sigradur G HTW Hochtemperatur-Werkstoffe GmbH) to a manganous acetate solution (20 mL, 0.6 M , Aldrich). The resulting solution was sonicated for 10 min, washed, dried, and calcined at 480 °C in air for 14.5 h. Ni/C particles were synthesized by an impregnation-reduction technique adapted from elsewhere. [ 21 ] Nickel nitrate (0.99 g, Sigma-Aldrich) and carbon black (0.5 g, FuelCellStore) were mixed in Millipore water (25 mL), sonicated for 30 min and dried via a water bath. Next, the particles were subjected to a calcination process whereby the temperature was ramped up to 380 °C in air followed by a switch to H 2 gas (Praxair) while the temperature continued ramping to 450 °C. The furnace was then held at 450 °C for 30 min before cooling.
Determination of ORR and OER Activities for Ni/C, MnO x /GC, Ir/C and Pt/C Particles : Electrochemical characterization was carried out in a RDE confi guration. Aqueous suspensions were prepared with either Ni/C catalyst (0.8 mg) or MnO x /GC (2 mg) added to water (0.2 mL). The catalyst suspension (30 uL) was then dropcasted onto a GC disk working electrode (5 mm diameter, Sigradur G HTW Hochtemperatur-Werkstoffe GmbH), followed by the addition of diluted cation-exchanged Nafi on 117 solution (35 uL, Sigma-Aldrich). The metal loadings for Ni/C and MnO x / GC were 156 and 30 μ g cm −2 respectively, as determined from inductively coupled plasma analysis. Commercial 20 wt% Ir/C and Pt/C (Premetek) were used as benchmarks and was prepared via standard fuel cell catalyst protocol to obtain a metal loading of 28 μ g cm −2 . [ 25 ] A graphite rod counter electrode, Ag/AgCl reference electrode, and 0.1 M potassium hydroxide (KOH) electrolyte were used. The potential scale was calibrated with respect to RHE (0.96 V shift) after each characterization. Cyclic voltammetry was conducted in a potential range of 0.05 V to 1.9 V vs. RHE at 5 mV s −1 and at a disk rotation rate of 1600 rpm. All results were 100% IR-compensated.
Determination of HER and HOR Activities for Ni/C and Pt/C Particles : Electrochemical characterization was carried out as described above, with the following exceptions: a) a Hg/HgO reference electrode was used, which resulted in a potential scale calibration shift of 0.857 V; b) for the HER, cyclic voltammograms were conducted at 5 mV s −1 in a potential range of -0.25 V to 0 V vs. RHE; and c) for the HOR, cyclic voltammograms were performed at 0.5 mV s −1 in a potential range of 0 V to 0.3 V vs. RHE.
Cell Testing : The MEA was fabricated via a catalyst-coated substrate technique using a commercial AEM (Fumapem FAA-3, Fumatech) and gas diffusion electrodes with 6 mg cat cm −2 Ni/C loading for the H 2 electrode and 4 mg cat cm −2 (5:1 MnO x /GC:Ni/C by mass) loading for the O 2 electrode. An alkaline ionomer (1.8 uL per 1 mg catalyst, Fumion FAA-3, Fumatech) was added to each of the electrodes.
Cell performance was evaluated using a test system (Fuel Cell Technologies, Inc.) with a 5 cm 2 cell. All tests were conducted with H 2 and O 2 (300 sccm, 99.999%, Praxair) gases and at a cell temperature of 65 °C. Cell conditioning was performed prior to testing by holding at 1.3 V for 5 min to reduce surface-oxidized Ni on the H 2 electrode. The voltage was then stepped from open circuit voltage to 0.40 V at 50 mV intervals and the sequence was repeated until the performance stabilized. Figure 3 b shows that in the fi rst cycle, the voltage needed to electrolyze water at 10 mA cm −2 is 1.74 V, while the subsequent voltage output in fuel cell mode is 0.70 V. This results in a RT effi ciency of 40%, an excellent effi ciency for this type of device considering that the best precious-metal based PEMURFCs reach RT effi ciencies of 60% using this metric. [26] [27] [28] As more conventional energy storage devices such as batteries, redox fl ow cells or pumped hydro can reach RT effi ciencies of 65-90%, the RT effi ciency of our AEM-URFC prototype must be improved for potential commercialization; this can be achieved with the continued development of non-precious metal catalysts for the HER, HOR, ORR, and the OER. Catalyst development is a key pathway to reaching the higher RT effi ciencies (>80%) and current densities (ca. 1 A cm −2 ) needed for most commercial applications, including grid-scale energy storage. [ 16 ] Another important criterion for any RFC, including the one presented herein, is that of durability, particularly that as measured upon repeated cycling. To examine durability, this device was cycled between electrolyzer mode and fuel cell mode eight times. The RT effi ciencies are shown in Figure 3 d, where the initial RT effi ciency of 40% decreased slightly to 34% by the eighth cycle. Losses in both electrolyzer mode and fuel cell mode factor into the observed decrease in RT effi ciency. More specifi cally, after eight cycles the peak fuel cell mode power density decreased from 10.8 mW cm −2 to 7.2 mW cm −2 , while the electrolyzer current density at 1.85 V decreased from 17.7 mA cm −2 to 13 mA cm −2 . Although the fuel cell power density and the electrolyzer current density both decreased with repeated cycling, the fact that this prototype was able to be cycled eight times while maintaining reasonable performance throughout the experiment validates this device as a preciousmetal-free URFC capable of operating at near-ambient temperatures. To the best of our knowledge, this is the fi rst report of such a device.
The prototype we have developed serves as a base upon which continued research and development could allow for key performance metrics to be reached, such as operation at current densities on the order of 1 A cm −2 with RT effi ciencies of 80% and stability over thousands of cycles. In order to achieve improved RT effi ciency, power, and durability, various challenges need to be addressed. Critical areas for improvement include the following: eliminating carbon in the cell setup (bipolar plates, GDL, catalyst support) to avoid carbon corrosion in electrolysis mode and thus improve cell stability; [ 2 ] membrane development to achieve higher conductivity and resistance to oxygen or hydroxyl attack; [ 29 ] and the development of stable non-precious catalysts with activities comparable to that of precious metal catalysts. The reader is referred to the Supporting Information, and particularly Table S1 , for a more detailed analysis of the potential areas for improving cell performance. Signifi cant advances have already been made in each of these areas in recent years, but continued research efforts are necessary to produce the breakthroughs needed to make this device feasible for commercialization.
The development of a cost-effective energy storage technology, particularly for grid-scale applications, is critical to enabling intermittent, renewable energy sources such as wind and solar to achieve maximum market penetration. With this goal 
